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ABSTRACT 
The steam turbine-generator is pre-eminent as a means for 
converting large amounts of mechanical energy to electrical energy. 
The design of efficient and economical machines is a highly developed 
art demanding specialized training, extensive experience, and contin- 
uous feedback from past operating machinery and data. 
One of the more important operating problems associated with 
the steam turbine-generator is that of electrical destruction of 
bearings and journals due to AC and DC produced voltages on the 
shaft.  This type of destruction is very costly to utilities in 
terms of parts replacement, labor, and lost revenue.  Solutions to 
this problem have been through various shaft grounding devices used 
to create an alternate low impedance current path from the shaft. 
These various grounding devices have proven to be inadequate at 
times and thus necessitating new ideas and procedures to reduce the 
magnitude of the highly destructive problem. 
A test was conducted on the test utility's* 850 megawatt gener- 
ating unit which became damaged due to unknown shaft potentials. 
The test performed on the generator, the manufacturer's recom- 
mendations, and electrical theory pointed to several different 
conclusions as being possibly effective in initiating protection for 
the steam turbine-generator components.  However, some limitations 
in existing technology and financial constraints eliminated most of 
these, leaving only insulated bearing pedestals and shaft grounding 
devices as possible immediate solutions.. 
In conclusion, no feasible means has been found to effectively 
diminish shaft potentials entirely.  Reducing their dangerous levels 
of destruction through better grounding and isolation are immediate 
steps that will reduce their hazards. 
* The test utility is Pennsylvania Power and Light Company (PP&L Co.), 
Allentown, Pennsylvania and the test unit referred to later is 
the Martins Creek Steam Electric Station Units #3 and #4. 
Monitoring bearing oil lubrication, and increasing precision on 
manufactured parts in the near future will provide only a partial 
solution.  The final solution will have to be found through a 
research and development effort under the auspices of several 
utility research organizations. 
CHAPTER ONE 
INTRODUCTION 
The increase in ratings of the steam turbine-generator units 
being placed in service continues to provide increasing problems and 
challenges in the area of electromagnetic and electrostatic produced 
shaft voltages. 
The damage caused by electrical currents present in the steam 
turbine-generator shaft can be negligible or catastrophic. This 
type of problem has been a major cause of serious damage to equip- 
ment, necessitating unscheduled plant outages and involving 
considerable economic losses. 
Under normal operating conditions main bearings, thrust bearings, 
gear teeth and couplings are not expected to carry current. However, 
during certain abnormal conditions, they are called upon to do so. 
During these abnormal conditions the passage of current can result 
in destruction of major mechanical components of the steam turbine- 
generator unit. 
The current can occur from several sources: 
1) The shaft bearings, gears and couplings may carry current 
as a result of a potential applied directly to the shaft 
or during an internal generator fault condition. 
2) The field ground relay circuit will cause a minimal amount 
of current to flow as a result of its normal operation 
during fault conditions. 
3) A voltage may be induced due to a dissymmetry effect in 
the generator stator design. 
4) The current may be due to unbalanced stator ampere-turns 
which surround the shaft thereby producing a magnetization 
effect. 
5) The current may result from an electrostatic phenomena due 
to: 
o   wet steam traveling past the turbine blading 
o   potential developed by impinging particles 
o   potential developed by charged lubrication oil 
The purpose of this paper was to investigate and determine an 
effective means of limiting the steam turbine-generator shaft voltage 
present as a result of electromagnetic and electrostatic effects due 
to magnetic induction and charged particles on a test utility's 
steam turbine-generator set. The magnitude of currents developed 
and present as a result of an internal generator fault condition or 
a directly applied potential will not be discussed in this paper. 
Some of the questions which have been considered and addressed 
were: 
A) Are other utilities experiencing the same problem as the 
local utility? 
B) What is the magnitude of the problem on the test utility's 
system? 
C) What can be done to limit the magnitude of the problem? * 
D) Will the ever-increasing size of steam turbine-generator 
units greatly magnify the present associated problems in 
the future? 
CHAPTER TWO 
HISTORICAL REVIEW OF PP&L 
STEAM TURBINE-GENERATOR SHAFT GROUNDING PRINCIPLES 
Historically, the problems and solutions to electrostatic and 
magnetically induced voltages on the steam turbine-generator shafts 
of the test utility's steam electric stations have been a continuous 
one. 
Earlier steam turbine-generating units had an inherent grounding 
device which was not specifically designed for that function but 
served the purpose during its use. This device was a water seal 
which prevented or reduced the leakage of steam and air between 
rotating and stationary components that have a pressure difference 
across them. This seal was located where the turbine shaft extends 
through the cylinder walls to the atmosphere. The shaft at the 
front standard of the turbine was sealed to prevent leakage of steam 
from the turbine, while the back standard at the low-pressure end of 
a condensing turbine was sealed to prevent the leakage of air into 
the condenser. 
A water seal is shown in Figure 1, page 8, and consists of a 
shaft-mounted impeller with a series of vanes or pockets. 
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The impeller is contained within an annular chamber. When water is 
brought into the chamber, the impeller vanes force the water to 
rotate at a speed equal to the impeller or shaft speed, which is 
usually 1800 or 3600 RPM. The difference in height "h" between the 
water levels across the impeller is equal to the head equivalent to 
the pressure difference, divided by the centripetal acceleration of 
the water. This is given by the following equation: 
prp2 2.1) 
h = 
2 tu r 
g 
where:   Pi"**? *s tne Pressure differential 
p is the density of the fluid 
m is the rotational speed 
r is the impeller radius 
g is the gravitational constant 
It can be seen from the equation that at low speeds (tu •*■  o) the 
water seal is very ineffective and a labyrinth gland or seal must be 
used in conjunction with large capacity air pumps in order to raise 
vacuum pressure when starting. 
The grounding effect of the water seal can be seen in Figure 2, 
page 10. The current has a direct path from the shaft through the 
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FIGURE 2 
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jy 
water jacket and finally onto the numerous grounded water pipes and 
reservoirs interconnecting the water seal. 
The water seal provides a highly conductive and direct contact 
grounding point with the steam turbine-generator shaft. This type 
of seal was predominately used on earlier units of small megawatt 
capacity and low turbine steam pressure. 
When high-pressure turbines began to make their debut in later 
years up to the present designs, the water seal became ineffective 
in its ability to absorb the full differential pressure (internal/ 
external ratio) associated with these new machines. Thus, steam 
seals of labyrinth design became the most effective and economical 
means for sealing the steam chamber of the turbine from the atmo- 
sphere. The steam seal of labyrinth design has therefore superseded 
the water seal on large steam turbines because of its ability to 
withstand the higher steam pressure conditions. Varying designs of 
steam seals are used on steam turbines built today. However, the 
ability of the labyrinth steam seal to produce an effective ground- 
ing point is somewhat diminished. 
11 
The labyrinth seal consists of a ring with a series of highly 
finished and polished fins that form a number of fine annular 
restrictions, each restriction is followed by an expansion chamber. 
Simple forms of labyrinth seals are shown in Figure 3, page 13. As 
the steam enters the restriction, the velocity increases and kinetic 
energy is developed at the expense of pressure energy. When the 
steam enters the expansion chamber the kinetic energy is converted 
by turbulence into thermal energy with no recovery of pressure 
energy. The pressure is therefore continuously broken down as the 
steam is throttled at successive restrictions through the expansion 
chamber at approximately constant enthalpy. 
a. 
A path for current flow has been disrupted due to the low 
conductivity of the steam between the labyrinth seals as shown in 
Figure 4, page 14. A definite ground condition no longer exists as 
it did with the water seal design. Due to the absence of a definite 
ground connection, the current present within the shaft must now 
follow alternate paths of least resistance to ground traveling 
through other major steam turbine-generator components such as 
bearings, gears and couplings. Figure 5, page 15, depicts a 
possible current flow along numerous paths to ground. 
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As pointed out, all high pressure steam turbines in use today 
use some type of elaborated labyrinth seal. Due to the difference 
in the conductivity of the two mediums within the water seal and the 
steam seal, an external grounding device must be used along the 
steam turbine-generator shaft when steam seals are employed. 
A shaft grounding device of low resistance is normally mounted 
on the last turbine oil deflector between the turbine and generator. 
One type of grounding device is positioned 30° above the horizontal 
joint on either side, and rides on the exposed portion of the steam 
turbine-generator shaft as shown in Figure 6A, page 17, and Figure 6B, 
page 18. The low impedance grounding device provides a solid and 
direct current path to ground for the shaft. 
Earlier steam turbine-generator units also have employed a 
grounding device at the front bearing standard or high pressure end 
of the turbine. However, turbine manufacturers have done away with 
this grounding location citing the'ineffectiveness of this brush 
location to properly drain off shaft current. The front standard 
ground also established an additional driving potential complete 
with a solid ground. An electrical analysis of the voltages, 
currents and potential cells associated with steam turbine-generator 
shaft grounding will follow in Chapter Four, page 26. 
16 
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A list of steam turbine-generating units on the test utility's 
system depicting rated output, fuel, type of seals in use and the 
presence of an external grounding device is shown in Table 1, page 20. 
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LIST OF STEAM TURBINE-GENERATOR UNITS AND GROUNDING 
DEVICES IN USE BY THE TEST UTILITY 
Rated Type of 
Output Turbine Type of Shaft 
Unit Name (Megawatts) Fuel Seals Grounding Device 
Holtwood #17 75 Coal Water Not Applicable 
Sunbury //l 75 Coal Water Not Applicable 
Sunbury #2 75 Coal Water Not Applicable 
Sunbury #3 103 Coal Water* Not Applicable* 
Sunbury /M 156 Coal Water Not Applicable 
Brunner Island #1 363 Coal Water Not Applicable 
Brunner Island #2 405 Coal Water Not Applicable 
Brunner Island //3 790 Coal Steam Shaft Brush 
Assembly 
Montour #1 805 Coal Steam Shaft Brush 
Assembly 
Montour #2 819 Coal Steam Shaft Brush 
Assembly 
Martins Creek //l 156 Coal Water Not Applicable 
Martins Creek #2 156 Coal Water Not Applicable 
Martins Creek #3 850 Oil Steam Shaft Brush 
Assembly 
Martins Creek /M 850 Oil Steam Shaft Brush 
Assembly 
*The water seals on Sunbury Unit #3 are presently being replaced 
with steam seals. An external grounding device will be installed 
on the shaft between the steam turbine and generator. 
TABLE 1 
20 
CHAPTER THREE 
INDUSTRY RESPONSE TO THE QUESTION ON STEAM 
TURBINE-GENERATOR SHAFT GROUNDING PRESENTED TO THE 
EDISON ELECTRIC INSTITUTE ELECTRICAL SYSTEM AND EQUIPMENT COMMITTEE 
In order to determine the frequency of the shaft grounding 
problem with other utilities, a questionnaire was submitted by the 
test utility to the Electrical System and Equipment Committee of the 
Edison Electric Institute in January 1980, addressing the various 
concerns the test utility had on the subject. The questions were 
referenced from the existing operating problems and responses to 
manufacturer's recommendations acknowledging the problem. 
The questionnaire was sent to eighty-three (83) of the Edison 
Electric Institute Electrical System and Equipment Committee member 
utilities for their response. 
The results of the questionnaire indicated a prevalent industry- 
wide problem. Sixty (60) questionnaires were returned with the 
results confirming this. A statistical compiling from the question- 
21 
naires returned include the following: 
A. Sixty-three (63) percent of the reporting member utilities 
have a definite program initiated to check shaft-to-ground 
voltages. 
B. Thirty (30) percent of the reporting member utilities have 
had damage to bearings and gears attributed to shaft 
current. 
C. Seventy (70) percent of the reporting member utilities 
have received recommendations from manufacturers on the 
problem. 
0. Fifty-three (53) percent of the reporting member utilities 
have not implemented any of the manufacturer's recommenda- 
tions. 
Table 2, page 24, is a list of questions and answers on the 
shaft grounding problem presented to the Edison Electric Institute 
Electrical System and Equipment Committee. 
The question introduced by the test utility to the Edison 
Electric Institute Electrical System and Equipment Committee was as 
22 
follows: 
"On our present generators with steam sealing, we have accom- 
plished shaft grounding through brushes using carbon as the base 
material. We have found that a great deal of maintenance is required 
to keep such grounding circuits in first class condition. Recently, 
a leading manufacturer has issued a technical information letter 
suggesting the retrofitting of these circuits with a copper braid 
grounding device. We are interested in information which might help 
us to develop guidelines for the operation and maintenance of such 
circuits." 
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LIST OF QUESTIONS AND ANSWERS SUBMITTED TO THE EDISON 
ELECTRIC INSTITUTE ON THE TOPIC OF 
STEAM TURBINE-GENERATOR SHAFT GROUNDING 
Questions 
1. Do you have a program for regular measure- 
ment of shaft-to-ground voltages? 
2. Have you experienced difficulty in main- 
taining carbon brush grounding circuits? 
3. Have you experienced bearing or gear 
damage attributable to electrical current? 
4. Have you experienced erratic or extreme 
voltage across: 
A. The generator shaft from bearing 
to bearing? 
B. The insulated bearing from shaft 
to ground? 
C. The grounding brush? 
5. Have you had difficulties with field 
ground protective relays? 
6. Have you received manufacturer's 
recommendations? 
Answers 
Yes 38   No 22 
Yes 16   No 41 
Yes 18   No 38 
Yes 5 No 48 
Yes 10 No 43 
Yes 10 No 43 
Yes _8 No 47 
Yes 42 No 12 
7. If the answer to Part 6 is YES, have 
you implemented them? Yes 10   No 32 
8. If the answer to Part 7 is YES, have 
the results been satisfactory? Yes _5   No 0 
9. If the answer to Part 7 is NO, are you 
planning to implement the recommendations?    Yes 26   No 0 
10. May we discuss this subject further with 
your company? Yes 47   No 3 
TABLE 2 
24 

Some of the additional comments made by the utilities that 
returned the questionnaire were: 
o   "Awaiting information from manufacturer on installation 
procedure". 
o   "Waiting for material arrival". 
o   "Insufficient data on subject to implement at this time". 
o   "Reviewing manufacturer's recommendations at this time". 
o   "Implementation is under consideration. Decision is 
pending". 
It appears from the questionnaire that shaft grounding problems 
are not going unnoticed. Sixty-three (63) percent of the reporting 
companies have a regularly scheduled program for shaft-to-ground 
voltage measurements. Only eighteen (18) or thirty (30) percent of 
those utilities reporting back had actual occurrences of mechanical 
damage attributed to electrical currents.  It is surprising to note 
that a high percentage of utilities are moving slowly and cautiously 
with the manufacturer's recommendations.  It must be also pointed 
out that only a few utilities are attempting to pursue an individual 
in-house solution to the shaft grounding problem at this time. 
25 
CHAPTER FOUR 
ANALYSIS OF STATIC AND MAGNETIC INDUCED VOLTAGES 
 ON STEAM TURBINE-GENERATOR SHAFTS  
Sources of Bearing Currents 
Shaft voltage causes damage to steam turbine-generators if 
not effectively controlled. A common source of trouble in 
steam turbine generators is the presence of electric currents 
flowing across the rubbing surfaces of the bearings. The 
damage to bearings due to the passage of current is caused by 
sparking between the bearing and the journal surfaces. The 
currents make their presence known by blackening the lubricating 
oil, pitting the bearing, and in extreme cases, scoring the 
shaft. Extremely high voltage is not necessary for sparking to 
take place. The sparking can occur at potentials well below 
one volt. The shaft voltage will build up and discbarge the 
energy by electrically breaking down the thinnest bearing oil 
film, thereby causing pitting to both the bearing babbitt and 
the journal. The pitting will continue to occur many times in 
a second until the bearing is wiped clean with a new oil film 
as the shaft is rotated. As an example, one amp of current 
uniformly distributed over a 700 sq. cm. bearing surface would 
26 
not constitute a harmful pitting situation. However, as the 
shaft is rotated and a new oil film is wiped on the bearing, it 
is possible for the oil film to effectively insulate 99% of the 
surface area, while forcing one amp of current through the 
remaining 1% or 7 sq. cm. The current density acting on the 7 
sq. cm. is large enough to commence pitting. 
Another consequence of sparking is the danger of deteriora- 
tion and contamination of the lubricant and the lubricating 
system by spark debris. 
A journal surface that has passed shaft current will 
appear frosted or etched, and in the early stages before wiping 
occurs, the babbitt may be pock-marked. Initially, bearing 
temperature will rise slowly and begin to heat up the lubrica- 
tion oil and ultimately cause a discoloration, chemical degrada- 
tion, and contamination of the oil. The degradation of the oil 
will cause it to become highly acidified which in time will 
have a detrimental effect on a nicely polished journal and 
bearing surface. 
Bearing surface debris (including solid contaminants) 
produced by sparking is eventually wiped off the bearing surface 
and it is carried through the lubrication system.  If it is not 
27 
filtered out it will be redeposited on other bearing surfaces 
acting as an abrasive. The abrasiveness of the spark debris 
will aid in scratching and scraping of other unmarked bearing 
surfaces. 
Shaft currents occur from various causes:  some accidental 
and others more or less inherent in the steam turbine-generator 
design. All shaft currents are due to the existence of an 
e.m.f. between the shaft and ground. There are four prevalent 
sources of bearing currents known to produce excessive damage. 
They are: potential applied directly to the shaft, a generator 
dissymmetry effect, shaft magnetization, and electrostatic 
effects. 
B.  Potential Applied Directly to the Shaft 
A potential which is intentionally or accidently applied 
to the shaft thereby producing a current flow through the 
bearings or other contacting parts to ground is one of the most 
obvious sources of bearing currents. Some of these sources 
include maintenance welding units, internal high impedance 
generator faults, possible exciter problems and field winding 
ground protective relay systems. 
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A diagrammatic illustration of potential applied directly 
to the shaft is shown in Figure 7, page 30, with the corres- 
ponding electrical circuit. 
a)  Generator-Excitation System 
State-of-the-art excitation systems supply generator 
field windings with D.C. voltage through rectification. 
The instantaneous magnitude of the D.C. voltage is not 
constant with respect to time because of a large A.C. 
component of ripple voltage. The excitation system 
rectifiers are supplied from a three-phase 120 or 360 
hertz voltage produced by a synchronous generator located 
on the generator end of the shaft and driven by it. The 
rectifiers produce a 360 hertz ripple voltage output.  The 
generator field-winding insulation serves as a distributed 
capacitive impedance which couples a component of the 
applied ripple voltage to the rotor steel. Thereby, a 
component of the applied ripple voltage is a 180 hertz 
wave between the generator field winding and ground. 
The 180 hertz voltage which appears between the 
generator shaft and ground will cause currents to flow 
through bearings when the bearings are not insulated 
by the lubricating oil, that is, when the bearings are 
29 
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in a conducting state. When the bearings are not in a 
conducting state the voltage from generator shaft to 
ground can be nore than 100 volts peak to peak. Damage to 
bearings involving complete mechanical failure can occur 
when the generator shaft to ground voltage is 10 volts or 
more in magnitude. The electrical circuit is shown in 
Figure 8, page 32, and includes the capacitive impedance 
of the ground insulation of the three-phase 120 or 360 
hertz voltage supply. The three phase supply voltage 
capacitive impedance limits the maximum average current 
flow to approximately 20 milliamps. The profile of potential 
to ground is of essentially the same magnitude at all 
points along the entire length of the steam turbine- 
generator shaft. 
b)  Field Winding Ground Protective Relay System 
Generator field winding ground-protective relay 
systems are another means of causing damaging currents to 
flow through the oil film and ultimately the bearing 
assembly. The field winding protective circuit is a 
detection system which energizes a relay in the event the 
generator field winding insulation fails. A 60 hertz A.C. 
voltage is connected to the ground protection circuit 
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where it is then rectified to a D.C. value and connected 
between one of the field winding terminals and ground. A 
diagrammatic illustration and electrical circuit is shown 
in Figure 9, page 34, and Figure 19, page 87.  The output 
of the rectified 60 hertz voltage is a full-wave D.C. 
voltage. The D.C. voltage has a large 120 hertz ripple 
voltage component present if not filtered properly. When 
the field winding insulation is in good condition, it 
serves as a capacitive impedance between the field conduc- 
tors and the rotor. The 120 hertz A.C. ripple voltage 
component can be as high as 90 volts. This voltage level 
is capable of producing 20 milliamps of current when any 
bearing oil film is in a conducting state. As with the 
generator excitation system, a voltage of approximately 10 
volts will damage the steam turbine-generator bearings. 
The 120 hertz shaft ripple voltage is capacitively coupled 
to the rotor and has no D.C. component. A potential drop 
exists between the generator rotor and the grounded stator. 
Since the field winding is in position around the entire 
rotor surface, the capacitive potential is equal in magni- 
tude along the entire steam turbine-generator shaft. 
Therefore, there is no potential drop between the extreme 
ends of the ungrounded steam turbine-generator shaft. 
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C. Dissymmetry Effect 
The Dissymmetry effect is the primary cause of bearing 
currents that arise through induced effects.  The dissymmetry 
effects are due to unsymmetrical joints in the stator core with 
respect to the field winding poles and vary from one machine to 
another because of small differences in manufacturer's 
tolerances. 
Within ideal design conditions, if the generator could be 
constructed without dissymmetries so that the reluctance of the 
magnetic circuit is completely uniform around the stator core, 
a shaft potential would not be produced. Within the ideal 
generator the equalized magnetic flux patterns in the stator 
would be balanced, thus adding vectorially to zero. However, 
generator units being produced are not ideal machines and have 
inherent dyssymmetry effects associated with their manufacturing 
process. Various sources of dissymmetry may be present, such 
as, differences in the spaces between the ends of the lamina- 
tions, missaligned laminations, and non-symmetrical distribu- 
tion of slots. These sources cause unequal and non-distributed 
magnetic flux patterns resulting in localized eddy currents in 
the stator core laminations to be established thereby producing 
increased heating effects within the generator core. These 
sources also cause the unwanted induced shaft voltage. 
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In every synchronous generator the flux of each field pole 
divides into two patterns of opposite directions after crossing 
the air gap. One flux pattern is in the clockwise direction 
and the other in the counter-clockwise direction within the 
stator core.  If a high reluctance path is existing for one of 
the flux patterns, their difference in magnitude will have a 
resultant circulating flux pattern established within the 
stator core. The circulating resultant flux will also link the 
rotor shaft, and since it is alternating, will induce a voltage 
in the rotor shaft and bearing assemblies, thereby causing a 
possible flow of current. The shaft current present as a 
result of the dissymmetry effect is approximately equal to the 
same magnitude, both at generator no-load and full-load values. 
Therefore, the dissymmetry effect current is not a function of 
the generator load current or the reactance of the end turns. 
For analysis purposes, the dissymmetry effect can be 
represented diagrammatically by unequal gap sizes between the 
semi-circular sections of the stator core as shown in Figure 
10A, page 37, with the corresponding electrical circuit and in 
Figure 10B, page 38. As the generator shaft is rotated the 
field magnetic flux crosses the air gap and cuts through the 
conductors of the stator circuit.  If the rotation of the shaft 
is stopped in time for a static analysis, and the stator core 
36 
DISSYMMETRY EFFECT 
GENERATOR 
GENERATOR 
SHAFT 
UNEQUAL 
GAP 
SIZES 
$2 (auX)-_z^^^r"STATOR 
ROTATIONAL 
IRECTION 
r$! (FLUX) 
CIRCULATING- 
SHAFT 
CURRENT 
ELECTRICAL REPRESENTATION 
BEARING 
RESISTANCE 
60HZ 
FIGURE 10A 
37 
EXPANDED REPRESENTATIOH OF 
W 5lS5?tolETRV EFFECT 
BEARING PEDESTALS 
SHAFT 
00 
TURBINE-GENERATOR 
BASE PLATE 
FIGURE 10B 
is assumed to have no dissymmetry associated with it, then the 
magnetic flux paths will be equal in magnitude and distribution 
about the generator shaft as shown in the 4-pole generator in 
Figure 11A, page 40. 
If the generator shaft is now stopped in time for a static 
analysis but with a stator consisting of unequal gaps in the 
core or other dissymmetry effects, then an unequal magnetic 
flux quantity will be set up as shown in Figure 11B, page 41. 
The unequal magnetic flux quantity is due to the stator slot 
reluctance, whereby the magnetic density is less at points P 
and Q than at S and T. Therefore, a quantity of flux from 
points S and T will follow the lower reluctance path through P 
and Q (dotted lines).  The solid lines show the usual normal 
flux path. The stray flux passes from pole A to D, then to C 
and B, and back to A, thus encircling and linking the shaft. 
If the generator shaft is now rotated one pole position as 
shown in Figure 11C, page 42, the stray flux encircling and 
linking the shaft will decrease to a zero quantity and then 
build up again to a normal value but with opposite polarity. 
The increasing and decreasing (or alternating influence) is due 
to the magnetic flux changing reluctance paths; that is, changing 
from the higher reluctance path to the smaller reluctance path. 
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With the misaligned stator slots between Poles A and B, and C 
and D, the flux component links the shaft from Poles A to B 
through Poles C and D, and then returning to Pole A. As the 
flux rises and falls it will cut through conducting material of 
high permeability such as the generator shaft, thereby inducing 
an alternating emf in it similar to a flux cutting through a 
conductor within an alternating current field. Current will 
then flow when the induced alternating emf overcomes the circuit 
resistance consisting of bearings, bearing pedestals and stator 
core. 
In simple terms, the electromagnetic shaft voltage due 
to a dissymmetry effect is induced in a conducting loop circuit 
which interlinks a synchronously alternating magnetic field 
originating in the generator rotor. The induced emf or voltage 
can be measured as a potential difference between the generator 
shaft ends. The magnitude of the voltage will vary from zero 
to 3 volts rms A.C. with no associated D.C. component. The 
frequency of the induced voltage is shaft frequency or synchro- 
nous frequency.  If an oscilloscope is used to monitor and view 
the voltage, the wave shape is not a pure sine wave, but includes 
multiple harmonics of the fundamental frequency. 
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D.  Shaft Magnetization i 
The shaft magnetization effect is another source of bearing 
current.  It is primarily due to an unbalance of ampere turns 
in the field circuit which surrounds the generator shaft.  The 
unbalance of ampere turns causes the shaft to become magnetized 
by establishing a flux linkage which passes along the shaft, 
through the bearings, bearing pedestals and generator base. 
This is shown diagrammatically in Figure 12A, page 45, with the 
corresponding electrical circuit in Figure 12B, page 46.  Once 
the magnetic circuit is established, as previously described, a 
homopolar voltage will be induced in each bearing as the rotating 
shaft cuts the radial lines of flux passing from the shaft to 
the bearings.  The induced homopolar voltages in the bearings 
will be exactly equal, provided the flux passing through one 
bearing is equal to the flux returning from the other bearing 
to the generator shaft.  Therefore, induced homopolar shaft 
voltage will cause localized bearing currents to be produced 
within the bearings. 
It must be noted that this analysis describes magnetic 
flux produced as a result of an unbalance in field winding 
ampere-turns but it can also address magnetic flux originating 
from other magnetized machine elements or from the frame, 
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provided that the lines of magnetic flux link the shaft.  As a 
further note, if one bearing pedestal is insulated from the 
generator frame, the magnetic reluctance will increase in 
magnitude but never reach a value large enough to completely 
stop the magnetic flux density through the path.  Therefore, 
the insulated bearing pedestal will be of little use in 
controlling magnetic flux. 
Figure 13, page 48, illustrates a simple magnetic circuit 
consisting of a rotating shaft and three bearings which are 
mounted on a magnetically conductive base plate.  With an 
unbalance of ampere turns present in the field circuit, a flux 
<IR is established in the rotating generator shaft.  The flux 3L 
enters and leaves the shaft at the bearing points or other 
parts of the generator having good magnetic permeability. 
The homopolar D.C. voltages at the points of emergence of 
the magnetic flux can be calculated by the following: 
In the case of a conductor moving in a uniform constant 
magnetic field, the induced electric field intensity 
is given by the vector quantity, 
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E = U X B 4.1) 
and the resultant emf by, 
emf = § E-dL = § E • dL = § (U X B) dL      4.2) 
ID 
This expression is equivalent to the simple 
statement, 
emf = --f- 4.3) 
Thus, the magnitude of the individual voltages, V,, V? and 
V„ depend on the magnitude of the emerging fluxes $, , &, and 
$R, and the rotational speed of the shaft. Therefore, the 
algebraic sum of the emerging and entering fluxes is equal to 
zero, hence 
VL + V2 + V3 = 0 4.4) 
The current developed as a result of the shaft induced 
homopolar voltage can now be analyzed. The voltages V, and V„ 
in Figure 13, page 48, can drive a current I, which emerges from 
the generator shaft via a bearing to the generator frame and 
back to the shaft at a second point of contact. The resultant 
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current is now capable of intensifying the already existing 
magnetic flux by a self-exciting action. The increase in 
magnetic flux by self-excitation will therefore enhance the 
current flow by increasing its magnitude through the bearing 
assemblies. 
Figure 14A, page 51, depicts a current I which is not in 
a position to contribute to the axial field of the shaft since 
there are no components of the current which are tangent to the 
shaft.  However, in Figure 14B, page 52, the points of contact 
of the current in the Sections A and B occur in such a way, 
that the shaft current encircles the shaft and reinforces, by 
the flux AS, the flux 5R indicated by a dashed line. 
Figure 14C, page 53, illustrates a current which flows 
into the upper shell of a bearing assembly and divides into two 
quantities.  The two quantities are such that the magnetizing 
effect of the current I, opposes the weakening effect of the 
current I„.  However, if the magnetic flux related to current 
I, encounters a lower value of reluctance than the magnetic 
flux associated with current I2, then the intensifying 
influence of current I, will be predominate. 
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It is important to note that magnetization of the generator 
shaft due to an unbalance in field winding ampere-turns will 
produce a D.C. homopolar voltage that can build up only to a 
few volts, but it can have devastating rotor shaft currents 
produced with a magnitude of several thousand amperes. 
Electrostatic Effect 
The electrostatic effect is another major source of bearing 
current. Unlike the alternating current produced by strict 
magnetics, electrostatic current is a constant or random pulsing 
direct current existing between the steam turbine shaft and 
ground. 
The shaft voltage produced as a result of electrostatic 
effects originates in a condensing steam turbine only.  It has 
never been observed on noncondensing turbines which are pre- 
dominately free from wet steam. 
The electrostatic effect is a particle charge buildup on 
the steam turbine-generator shaft, which is insulated from 
ground by a thin lubricating oil film on the bearing surface. 
If the bearings, shaft seals and gears on the steam turbine- 
generator unit are non-conducting, the voltage will charge the 
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distributed capacitance between the shaft and ground until 
limited by the leakage current, oil film insulation resistance, 
internal impedance of the voltage source or breakdown of the 
bearing oil film.  When the capacitive voltage increases to a 
value high enough for voltage breakdown of the oil by piercing 
the thin film, the stored charge along the shaft is dissipated 
through the bearing causing a momentary flow of current whose 
magnitude is dependent on the quantity of stored charge. 
As previously noted, the electrostatic effect is strictly 
a D.C. quantity. However, if the source of the charge is 
maintained or continued, an alternate scheme of charging and 
discharging will occur giving the effect of variable frequency 
A.C. current.  The variable frequency is due to the fluctuating 
time period occuring during the charging and discharging of the 
potential needed to pierce the oil film. 
The electrostatic effect in a steam turbine-generating 
unit is due primarily to impinging particles and charged lubri- 
cation oil which produce several of the following characteristics: 
o   The impressed voltage between the steam turbine-generator 
shaft and ground is a direct current value. 
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o The magnitude of the voltage is not constant, but varies 
between high and low values thereby giving the effect of 
A.C. and D.C. components without reversing polarity. 
o   The maximum voltage observed by an oscilloscope is 250 
volts peak-to-peak value. 
o The rate of rise of shaft voltage is in the range of 200 
volts per 1/60 second or 12 kV per second. 
o   The voltage rate-of-decay (or time of sparking) is less 
than 0.1 milliseconds. 
o   The minimum voltage impressed on the shaft is less than 
one volt. 
o   The average voltage magnitude is in the range of 30 to 
100 volts peak-to-peak. 
o   The voltage polarity is usually positive. 
o The potential is essentially of constant magnitude along 
the shaft of the steam turbine-generator unit. 
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o   The maximum magnitude of current through a grounding 
resistor between the steam turbine-generator shaft and 
ground is approximately 1.0 milliamp. The current 
magnitude is the same regardless of how small a resistor 
value is used. 
Figure 15A, page 58, and Figure 15B, page 59, show the 
electrostatic effect generated by impinging particles due to 
wet steam and charged lubrication oil.  Both of these types can 
be analyzed and related by the theory of charged particles. 
Steam turbine-generator parts become charged by the process 
of neutral particle charging or direct contact of already 
charged particles. These processes are influenced by charges 
resulting from moisture particles in wet steam which is usually 
found in the low pressure turbine stage directly ahead of the 
condenser. 
An atom contains a positively charged central core or 
nucleus. Revolving around the nucleus are a number of negatively 
charged particles or electrons. The electrons are each similar 
and are of a much smaller mass than the nucleus and carry a 
charge denoted by (-e). Under equilibrium conditions, the atom 
as a whole has equal numbers of positive and negative charges and 
is therefore electrically neutral or uncharged. 
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When a stream of neutral particles strike an object, such 
as the case when wet steam at high temperature, pressure and 
velocity comes in direct contact with the steam pipes, pumps, 
boiler tubes, rotor blades, etc., a percentage of the neutral 
particles of the steam rebound with a positive and negative 
charge.  The particles undergoing a collision each leave charges 
of the opposite polarity on the object which has been struck. 
The magnitude of electrostatic charge developed by contact 
of solid substances to the dielectric constant is given by the 
following equation: 
Q = k (Kx - K2) 4.5) 
where:   Q   -   is the electrostatic charge in 
electrostatic units (esu) per 
sq. cm. 
is the proportionality constant 
equal approximately to 4.4 in 
magnitude. 
K, and K2   -   are the dielectric constants 
of the two contacting mediums. 
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Electron theory explains that electrons travel from an 
uncharged material of higher K value to an uncharged material 
of lower K value. 
The overall number of particles which become charged, the 
final balance of positive and negative charges and the distri- 
bution or placement of the charges at post collision depend 
strictly upon the properties of the steam, piping system, rotor 
blades, etc., and upon the conditions of temperature and pres- 
sure under which impact takes place. 
Steam particles charged in the foregoing manner will 
ultimately give up their charge to any surface with which they 
come in contact. 
For analysis, if the metal steam turbine blades are assumed 
to have a dielectric constant of 3.0 and dry steam of 1.0, the 
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difference in magnitude of the dielectric constants is given by: 
A K = Kl - K2 4.6) 
= 3.0 - 1.0 
A K = 2.0 
The very small difference in magnitude of the dielectric 
constants accounts for the positive polarity of the electrostatic 
charge on the rotor blades of the high pressure end of the 
steam turbine. This condition will exist when the inlet super- 
heated dry steam contacts the shorter turbine blades in the 
high steam pressure section.  If the dry condition of the steam 
existed throughout the entire sections of the turbine without 
becoming moist in the low pressure section, the dry steam will 
then generate a positive electric charge on the rotor shaft. 
The electrostatic voltage on the shaft can be defined by the 
following equation: 
V=§ 4.7) 
where:   Q   -   is the electrostatic charge of 
the turbine shaft in coulombs. 
C   -   is the electrostatic capacitance 
of the turbine shaft to ground 
in farads. 
V   -   is the potential in volts of the 
turbine shaft to ground. 
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If the metal steam turbine rotor blades are again assumed 
to have a dielectric constant of 3.0 but wet steam of an unreal- 
istic amount and condition is now analyzed with a dielectric 
constant of 80.0, the difference in magnitude is given by: 
4 K = K1 - K2 
= 3.0 - 80.0 
A K = -77.0 
The high wet steam condition will produce an electrostatic 
charge of negative polarity on the rotor shaft. 
It must be noted that a very high wet steam condition is 
being used for the example of negative potential on the rotor 
shaft.  If the high wet steam condition existed within a turbine, 
then the associated turbine shaft to ground potential would be 
in the order of several thousands of volts. However, the shaft 
potential will be limited to the breakdown voltage of the 
lubricating oil film. Wet steam of this magnitude is highly 
improbably even under the worst operating conditions of an 
actual turbine. It is also interesting to note that at a 
potential of a few thousand volts, it is possible for sparking 
63 
to take place between the highly charged rotating turbine 
blade tips and the grounded stationary blade tips within the 
turbine frame. 
On an actual condensing steam turbine at full load, the 
high pressure rotor blades have a net positive polarity 
imposed on them by the dry inlet steam. However, as the 
steam exhausts out of the turbine via the low pressure section 
into the condenser, the steam becomes slightly wet thereby 
imposing a large negative charge on the larger low pressure 
turbine blades. Since the charge on the low pressure blades 
is larger than the associated charge on the high pressure 
blading, the net overall potential developed on the shaft is 
negative in polarity.  However, if a light megawatt load is 
on the same steam turbine unit with dry inlet and exhaust 
steam, a net positive charge of potential on the turbine 
blading will be predominate. The potential will be of a very 
small magnitude and due to a summation of positive charge in 
the high, intermediate, and low pressure sections of the 
turbine unit. 
Oil used for closed cycle lubrication in the steam 
turbine-generator undergoes a similar charging effect as that 
of water and steam.  However, lubrication oil used on steam 
turbine-generator units is a poor conductor of current. 
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The molecules of the lubricant have an electrical behavior 
similar to a balanced or neutral material.  That is, the positive 
and negative charges are electrically balanced. As the lubrica- 
tion oil passes through piping and various filter systems made 
up of small passages, the molecules of the lubricant become 
charged.  Since the lubricant is a non-conducting medium, a 
portion of the molecules remain charged after passing through a 
long length of the grounded piping system.  The charged lubricant 
is then deposited on the journal or the bearipg. When the 
developed potential at this location becomes high in magnitude, 
the capacitor stored potential is discharged through the bearing 
oil film to ground.  As discussed earlier, the discharge through 
an oil film creates a random pitting on the surfaces involved. 
Final Analysis 
Due to the variety of effects which produce many shaft voltage 
potentials and currents, Table 3, page 66, summarizes the numerous 
effects by designating the source, location, type, and magnitude of 
each. 
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SOURCES AND MAGNITUDES OF SHAFT VOLTAGES AND CURRENTS 
Bearing Current 
Source 
Turbine-Generator 
Locations 
Type of 
Current 
Magnitude of 
Voltage and 
Current 
Potential Applied 
Directly To The 
Shaft 
ON 
ON 
Intentional or acciden- 
tal application of 
potential to shaft. 
a) Generator-Excitation Between shaft and each 
System bearing 
b) Ground Protective 
Relay System 
Dissymmetry Effect 
variation of flux due 
to magnetic dissymmetry 
in machine. 
Between shaft and each 
bearing 
A.C. 180 Hz (frequency also 
depending on excitation 
used) 
A.C, 120 Hz 
Between extremities of shaft A.C, frequency depending 
upon construction and shaft 
speed. 
Not a pure sinewave but pres- 
ence of multiple harmonics. 
> 100 volts 
< 200 milli- 
amps 
< 90 volts 
< 20 milli- 
amps 
0 to 3 volts 
< 0.5 milli- 
amps 
TABLE 3 (Continued) 
SOURCES AND MAGNITUDES OF SHAFT VOLTAGES AND CURRENTS 
Bearing Current 
Source 
Turbine-Generator 
Locations 
Type of 
Current 
Voltage and 
Current 
Shaft Magnetization     a) 
Effect Unbalanced 
ampere-turns in the 
field circuit causing 
magnetization of the 
shaft (also referred to 
a homopolar effect)     b) 
Electrostatic Effect 
Between points located 
at opposite ends of each 
bearing. 
Between each end of each 
bearing and its journal. 
D.C > 10 volts 
Up to several 
thousand 
amperes. 
a) Impinging Particles Between shaft and each 
bearing 
b) Charged Lubricant   Between shaft and each 
bearing 
D.C, measurements apt to be 
erratic*,  (see Chapter Four) 
D.C, measurements apt to be 
erratic*, (see Chapter Six) 
(see Chapter Four) 
*(Time constant for charging 
and discharging scheme is 
very small) 
250 volts 
peak to peak 
(maximum) 
30-100 volts 
peak to peak 
(average) 
1.0 milliamp 
(see Chapter 
Four) 
TABLE 3 
CHAPTER FIVE 
EXAMINATION OF TEST DATA ON MARTINS CREEK 
STEAM ELECTRIC STATION UNIT #3 TURBINE GENERATOR SHAFT 
A.  Design History of Martins Creek Steam Electric Station 
Units //3 and //4. 
The Pennsylvania Power and Light Company's Martins Creek 
Steam Electric Station is a major oil fired generating system. 
It is comprised of two steam turbine-generating units, namely 
units //3 and //A each rated 850 megawatts.  The Steam Electric 
Station is located on the Delaware River, seven miles northeast 
of Easton, Pennsylvania in Lower Mount Bethel Township, 
Northampton County, Pennsylvania. 
The steam turbine-generators were furnished by Maschinen- 
fabrik Augburg-Nurnberg Aktiengesellschaft (M.A.N.), Werk 
Nurnberg, West Germany with the generator being manufactured by 
Alsthom Company, Belfort, France.  The steam turbines are a 
tandem-compound, four-flow exhaust, four section condensing 
type, which comprises a single flow high pressure section, a 
double flow intermediate section, and two double flow, low 
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pressure sections. The steam turbine is designed for sliding 
steam pressure operation with full arc steam admission under 
all load conditions. 
Each steam turbine rotor shaft is sealed with steam where 
it extends out of the steam turbine shell and each shaft exten- 
sion includes a labyrinth Steam seal to reduce the amount of 
steam leakage. 
The steam turbine gland steam system including labyrinth 
seals eliminates steam vapor leaking from the high pressure 
valve glands, high pressure and intermediate pressure steam 
turbine rotor shaft, and prevents atmospheric air from entering 
through the low pressure turbine seals. 
Steam turbine performance data is given in the Appendix, 
Table 4, page 128. 
The generators are hydrogen cooled with water cooled 
stator windings and are rated 945,000 kVA, 850,000 kW at 0.90 
power factor, 22,733 amperes, 24,000 volts, 3 phase, 60 hertz, 
2 pole, 3600 RPM while operated at a hydrogen pressure of 50 
PSIG. 
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The generator outer casing is a cylinder constructed of 
welded steel plates internally reinforced by "T" shaped com- 
posite rings. The composite rings are located in such a 
position as to provide maximum rigidity for the frame, even 
hydrogen gas flow for cooling, and adequate support for the 
stator core which is shock mounted to the rings.  The casing 
steel has a tensile strength in excess of 60,000 PSI and is 
designed so that the vibration frequency does not resonate with 
the magnetic flux harmonics. 
The generator frame rests on four sole plates attached to 
the concrete steam turbine pedestal. End shield bearing blocks 
are welded at each end of the frame. Each bearing block is 
fitted with a spherical seal journal bearing and a ring 
containing the hydrogen sealing device. The journal bearing on 
the exciter end of the generator is isolated from ground poten- 
tial to avoid current flow in.this area. The end shield on the 
exciter end of the generator is also insulated from ground. 
The generator magnetic core is composed of cold rolled, 
grain-oriented silicon sheet steel laminations, and each 
lamination is insulated by a layer of varnish approximately 9 
microns thick. The laminations are stacked in packets that are 
separated by radial vents allowing the flow of hydrogen cooling 
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gas. The packets near the end of the core have an extra varnish 
buildup and are tapered to limit both the leakage flux and to 
allow free gas flow to the rotor. 
The outer circumference of the laminations have dove- 
tailed slots which are fitted to bar keys each of which are 
suspended between two vibration isolating bars.  The isolating 
bars are in turn anchored to the frame rings. 
At the end of the stator core are clamping flanges which 
compress the laminations and hold the magnetic core rigid. 
Flux trap rings are mounted next to the clamping flanges. The 
flux trap rings are made of copper and stainless steel which 
aids in directing the stray end leakage flux away from unwanted 
or vulnerable parts of the generator. 
The inside circumference of the core lamination packets 
has 36 slots into which the stator winding bars are fitted. 
The winding bar is composed of four parallel stacks of mica 
insulated copper conductors, every third conductor being hollow 
for cooling water circulation. The conductors are arranged in 
a 540° Roebel type transformation, with the entire bar covered 
with mica-epoxy insulation. 
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There are two stator bars per slot, separated by a textolite 
sheet.  Insulated wedges are placed along the bottom sides of 
the 8lot, between the coil steel and the winding insulation, to 
serve as vibration dampers.  The slot wedge is textolite layered 
with a silicone rubber strip to also inhibit vibration. 
The rotor shaft was machined from a single ingot of forged 
alloy steel, and balanced so that the complete shaft assembly 
has no critical speeds near the 3600 RPM operating point. The 
rotor shaft has longitudinal slots machined radially into its . 
circumference to contain the field coils. 
The generator field winding is contained in the rotor 
slots and is dispersed over approximately two-thirds of the 
rotor's circumference. Each slot has two insulated field 
conductors and a damper winding, all secured in the rotor by an 
aluminum slot wedge. Hydrogen cooling gas ventilation passages 
penetrate the slot wedges and carry coolant from the air gap to 
the field windings, through gas channels and return to the air 
gap. Hydrogen gas circulation in the slots is provided by the 
arrangement of inlet and outlet gas passages in the surface of 
the slot wedge.  The retaining rings, which secure the winding 
at the rotor ends, are forged from non-magnetic steel. 
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The field winding conductors are silver alloyed copper and 
are insulated by a layer of polyester glass. The field current 
is supplied to the winding through two steel slip rings located 
on the rotor, outside the generator casing at the exciter end 
of the machine. 
The field excitation system consists of shaft driven main 
exciters of a 3 phase, 120 cycle generator type. Each exciter 
has a rating of 3370 kVA, 420 volts, 4638 amperes, 3600 rpm. 
The main exciter excitation system consists of pilot 
exciters which are permanent magnet type mounted integrally 
with the main exciters and are rated 48 kVA, 142 volts, 3600 
RPM. 
Additional generator design data is given in the Appendix, 
Table 5, page 129. 
B.  Martins Creek Unit 3 Oil Pump Failure 
In July 1978, the gear drive, which powers the Martins 
Creek Steam Turbine-Generator Unit #3 shaft-driven oil pump, 
failed. An examination of the oil pump idler gear bearings 
suggested the possibility of mechanical destruction by elec- 
trical current.  The steam turbine-generator designers of 
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M.A.N. requested that PP&L engineers determine if a large 
abnormal impressed driving voltage existed across the steam 
turbine-generator shaft. 
The Power Plant Engineering Development - Electrical Group 
of PP&L Co., of which the author is a member, initiated a test 
and troubleshooting procedure to determine the various test 
voltages, currents and reason for the oil pump failure. 
Physical Examination of Shaft Grounding Assemblies 
A physical examination of the existing shaft grounding 
devices was initially made in order to determine their func- 
tioning state in establishing'a ground path for current 
diversion. 
In the original installation, the steam turbine-generator 
at Martins Creek Unit #3 was grounded at three points along the 
shaft. The grounding points are shown diagrammatically in 
Figure 16, page 75, and indicated as Points A, B and C. The 
physical examination of the three grounding devices revealed 
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the following: 
The original brush holders at points A, B and C design did 
not promote positive brush contact with the shaft, because 
of inadequate spring pressure applied to the brush assembly 
for the required brush-shaft surface contact required. 
Frequent maintenance was required at unpredictable intervals 
to assure that the brushes remained in good contact with 
the shaft. The maintenance procedure required cleaning 
the shaft area in contact with the brush assembly by 
removing foreign material worn off the brushes and 
deposited on the shaft.  The maintenance procedure was 
difficult to perform with the machine in operation and 
upon cleaning, electrical contact degraded in only a 
matter of a few hours due to the brush wear debris and the 
lack of positive spring pressure. 
Marking and discoloration (a form of picturing) was occurr- 
ing under the brush at Position B, thus indicating the 
lack of proper electrical contact and possible flow of 
high magnitude current values. 
76 
D.  Test Performance and Results 
For the test procedure, a probe was assembled consisting of 
an electrical brush mounted on a stick and wired so that measure- 
ment of voltage could be made with a digital instrument.  A 
clamp-on ammeter was used to measure current flow in the connec- 
tion of the rotor shaft to ground. 
The brush at Position C on Figure 16, page 75, was not 
physically lifted during any of the tests due to its inacces- 
sibility. However, the conductivity of this brush with respect 
to the surface of the shaft was confirmed during the test to be 
zero or non-existant.  The zero conductivity condition was 
assumed to be caused from a worn grounding brush or an abnormally 
high accumulation of foreign debris on the surface of the 
shaft.  It was also assumed that the brush did not make the 
required grounding condition during the degradation period of 
the oil pump idler gear. Therefore, for all intent and 
purposes, the grounding brush at Position C was totally 
inactive. 
The overall test data is presented in Table 6, page 78, for 
Martins Creek Unit #3, and Table 7, page 79, for Martins Creek 
Unit #4. Similar operating data on Martins Creek Unit //4 was 
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SHAFT TO GROUND MEASUREMENT DATA 
MARTINS CREEK S.E.S., UNIT #3 
UNIT LOAD: 400 MW 
Generator Shaft - Exciter end to Coupling end 
(all tests) 
Generator Shaft to Ground 
(At coupling end - Figure 16, Position B) 
Test #1.  Brush at B in, Brush at A in: 
Test if2.    Brush at B in, Brush at A out: 
Test #3. Brush at B out, Brush at A in: 
18.5 Volts D.C. 
0.55 Volts D.C. 
0.56 Volts D.C. 
15-60 Volts* D.C. 
Current in Ground Conductor at B (all tests):  660 Milli-amp 
(Clamp-On Ammeter) 
D.  Turbine Shaft to Ground 
(At High Pressure End - Figure 16, Position A) 
Test #1. Brush at A in, Brush at B in: 
Test #2. Brush at A out, Brush at B in: 
Test #3. Brush at A out, Brush at B out: 
Test #4. Brush at A in, Brush at B out: 
1.0-1.2 Volts D.C. 
1.5 Volts** D.C. 
16-40 Volts D.C. 
13-15 Volts D.C. 
* Rapid spikes to 100 volts noted. 
** Rapid spikes to 20 volts noted. 
TABLE 6 
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SHAFT TO GROUND MEASUREMENT DATA 
MARTINS CREEK S.E.S., UNIT #4 
UNIT LOAD:  620 MW 
Generator Shaft-Exciter end to Coupling end 
(All Tests) 
Generator Shaft to Ground 
(at Coupling end - Figure 16, Position B) 
Test #1. Brush at B in, Brush at A in: 
Test #2.  Brush at B in, Brush at A out: 
Test #3. Brush at B out, Brush at A in: 
22 Volts D.C. 
0.041 Volts D.C. 
1.5 Volts D.C. 
0.363 Volts D.C. 
C.  Current in Ground Conductor at B (All Tests)   340 Milliamp 
(Clamp-On Ammeter) , 
D.  Turbine Shaft to Ground 
(At high pressure end - Figure 16, Position A) 
Test //l. Brush at A in, Brush at B in: 
Test //2. Brush at A out, Brush at B in: 
Test #3. Brush at A in, Brush at B out: 
Test y/4. Brush at A, out, Brush at B out: 
0.045 Volts D.C. 
0.690 Volts D.C. 
1.5 Volts D.C. 
Data Not Taken 
TABLE 7 
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acquired in order to be used as base data or a cross reference. 
Unit #4 was operating normally during the problem which occurred 
on Unit #3. 
The first test made on Unit #3 was with all grounding 
brushes in service including the brush at Position C as 
explained earlier.  This test was a check on how well the 
grounding brushes are contacting the surface of the shaft and 
establishing ground points along the shaft. 
The voltage to ground measured across the grounding brush 
at Position A was 1.0 volts D.C. and that at Position B was 
0.55 volts D.C.  The measured voltage across the generator 
shaft from the exciter end to the steam turbine-generator 
coupling end was a mixture of A.C. and D.C. quantities with a 
pronounced D.C. quantity of 18.5 volts. 
Upon the completion of Test #1 with both grounding brushes 
in service and base voltage and current data measured and 
recorded, Test #2 was initiated by lifting the brush in Position 
A and maintaining the contact point with brush in Postion B only. 
This test created an ungrounded condition along the steam turbine 
shaft and allowed the monitoring of steam turbine related 
voltages and currents produced on the shaft. 
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The voltage to ground at Position A was 1.5 volts D.C. and 
across the brush at Position B, 0.56 volts D.C.  This is not a 
significant change from Test #1, when both grounding brushes 
were in contact with the shaft. However, it does indicate that 
the brush at Position A was also ineffective in producing a 
solid ground point on the shaft. This can be seen by only a 
0.4 volt rise when the brush was lifted from the shaft. 
The voltage quantities measured during Test #2 were of 
normal quantities as shown between Table 6, page 78, and Table 
7, page 79.  However, because of the D.C. quantities measured 
at both locations the generator was suspected of producing 
these quantities by either a shaft magnetization effect due 
to unbalanced ampere turns in the field circuit or a possible 
directly applied D.C. potential by an external means. 
The electrostatic effect from the wet steam and possible 
contribution from charged lubrication was checked next. An 
oscilloscope was connected at Position A between the shaft and 
ground.  This revealed an erratic waveform with peaks of 
approximately 20 volts.  The waveform is shown in Figure 17, 
page 82. 
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OSCILLOGRAPH OF ELECTROSTATIC EFFECTS 
ON THE MARTINS CREEK #3 STEAM ELECTRIC STATION 
oo 
FIGURE 17 
The electrostatic wave form monitored with the oscil- 
loscope indicated that the electrostatic voltage produced by 
the turbine was constant in magnitude and repetitive.  The 
accompanying current at positon A was measured to be 
approximately 0.5 milliamps.  Under the described voltage- 
current magnitudes measured, it was appropriate to conclude 
that the electrostatic effect produced by the steam turbine was 
below normal as outlined in Chapter Four Table 3, Page 66. 
Upon conclusion of Test #2 for turbine produced voltage and 
current effects, it became evident that the generator was the 
prime source of the D.C. voltage. 
Test //3 was a measurement of generator produced effects 
and was implemented by lifting the grounding brush at Position 
B and lowering of the grounding brush at Position A.  It must 
be pointed out that Test #2 proved the inability of the grounding 
brush at Position A to be totally effective. A high resistance 
was present at Postion A due to foreign material on the shaft. 
Therefore, the grounding brushes at Positions A and C were 
inoperative in their in-service positions, and with grounding 
brush at Position B lifted, produced an ungrounded steam turbine- 
generator shaft. 
The voltages measured during Test #3 revealed 13 to 15 
volts D.C. to ground at Position A and 15 to 60 volts D.C. to 
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ground at Position B.  The voltage drop across the shaft was 
18.5 volts D.C.  These high D.C. voltage quantities measured 
indicated a definite generator related problem.  Voltage spikes 
were also monitored on a digital voltmeter in excess of 100 
volts D.C. at Position B. 
Since there was a strong predominant D.C. voltage being 
produced on the shaft, the shaft magnetization effect and/or a 
directly applied potential to the shaft became the areas of 
further testing as shown in Chapter Four, Table 3 page 66.  The 
D.C. quantities monitored and recorded reflected a problem in 
the generator field circuit. 
The Martins Creek Unit #3 was taken off line in order to 
proceed with further testing and investigation because of the 
concern for the extreme D.C. voltages monitored.  It was 
important that the source of these voltages be explicitly 
identified.  In searching for D.C. component possibilities, the 
rotor field winding insulation was meggared.  The results of 
this test revealed and identified a field winding conductor 
ground to the rotor steel. Further investigation revealed that 
there had been no operation of the field ground relay detection 
circuit. A latter examination of the relay revealed that the 
relay operating coil had overheated to the point of carboni- 
zation, and a 100 ohm ceramic resistor in the supression circuit 
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had burned open. The exact cause of failure of the relay has 
not been determined. Figure 18, page 86, shows a simplified 
diagram of the field ground relay circuit during normal fault 
operation. Figure 19, page 87,  shows the schematic diagram of 
the field ground relay circuit with the malfunctioning relay 
coil and current limiting resistor noted. 
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CHAPTER SIX     ° 
RECOMMENDATIONS FOR CONTROLLING STEAM TURBINE-GENERATOR 
SHAFT CURRENTS 
la spite of general agreement that it is not good for bearings 
or gears to carry current, there are many times in which they are 
called on to do so. Sometimes bearings and gears carry high magni- 
tudes of current because they operate under certain conditions which 
unintentionally subject them to various sources of electrical 
potential. 
The damage caused by the current spans a wide range in terms of 
monetary destruction of critical steam turbine-generator components. 
Large magnitudes of current do not necessarily mean large amounts of 
destruction. As an example, a bearing in an electrified street 
trolley wheel operates satisfactorily with currents of up to a few 
hundred amperes whereas a steam turbine-generator bearing can be 
totally destroyed by only one amp of current passing through it. 
To date, the information available on the subject of shaft 
grounding has pointed out the many devastating effects can result 
from undetected shaft potentials and unprotected steam turbine- 
generator machinery. However, very little information is available 
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about the specific factors influencing shaft potentials and how the 
•y 
specific factors are related. 
The contents of this thesis presents the results of an actual 
investigation along with the necessary background information on the 
subject topic.  The actual investigation of the test utilities' 
Martins Creek Steam Electric Station Unit //3 steam turbine-generator 
gear destruction helped to obtain a better understanding of the 
problems and control methods concerned with the effects of shaft 
voltages and their associated destructive currents, since the nature 
of the phenomena of shaft voltages is somewhat random and complex. 
Nevertheless, the thesis indicates relationships which are useful in 
understanding the important variables involved with shaft voltages 
so that corrective steps can be taken to minimize the damage if not 
to completely eliminate. 
Some of the corrective steps or control methods that may be 
used for the various shaft voltage effects are as follows: 
A.  Neutralizing Coil & Non-Magnetic Material 
An unbalance of ampere turns which in turn creates a 
magnetization effect on the steam turbine-generator shaft can 
be controlled by the addition of a neutralizing coil in either 
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the stator or field circuit, whichever might be producing the 
effept. The neutralizing coil is nothing more than a method of 
reducing the fractional unbalance of ampere turns by creating 
an opposing magnetic flux pattern to cancel out by summation, 
the unwanted flux distribution quantity produced by unequal 
numbers in length and turns ratio of conductors in the two 
possible circuits. Since large magnitudes of currents are 
usually involved with an unbalance of ampere turns, it is most 
important that this type of neutralization be introduced in the 
generator circuits to diminish the potentionally devastating 
and destructive high current values. 
However, if the method of ampere turns neutralization is 
ineffective or not practical, the reluctance of the magnetic 
circuit through the generator bearing supports can be increased 
by the introduction of non-magnetic material. The insertion of 
a path of non-magnetic materials in the generator bearing 
supports offers only a very limited protection scheme since a 
magnetic circuit can occur in each and every part of the steam 
turbine-generating unit.  On the other hand, total manufacturing 
of generating parts of non-magnetic material, such as the 
frame, is not justifiable for reasons of economy. Therefore, 
even though the shaft magnetization effect can occur once the 
steam turbine-generator unit is in operation, the most practical 
and least expensive method of control is one of high design 
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tolerance during the initial machine engineering, design and 
construction processes. Addition of neutralizing coils and 
non-magnetic materials are a very crude way of sidestepping a 
continual problem.  Only through stator and field rewinding on 
an installed machine can shaft magnetization be totally arrested. 
B.  Insulating the bearings or bearing pedestals 
The most effective and usually the simplest method of 
protecting bearings and gears against the effects of certain 
currents is to place insulation under various bearing pedestals 
and by insulating hold down bolts, dowel pins, oil piping and 
grounded connections. The insulation will break the potential 
current path produced by a directly applied potential, a dissym- 
metry effect or an electrostatic effect. 
Since the insulation effectively creates an open circuit 
in the return path of the current flow, a potential, similar to 
a battery cell, is produced along the entire steam turbine- 
generator shaft. 
As an example, Figure 20, page 92, shows a steam turbine- 
generator shaft bearing pedestal insulated at the generator/ 
exciter end.  As can be seen from the figure, a generator 
produced A.C. voltage on the shaft, such as from a dissymmetry 
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effect, acts as a stored potential along the entire shaft 
decreasing in magnitude toward the turbine end. The turbine on 
the other hand may be contributing a D.C. component from an 
electrostatic effect decreasing in value toward the generator/ 
exciter end.  The A.C. and D.C. voltages can be thought of as 
randomly changing stored charges waiting to be discharged to 
ground through a bearing or gear. 
Note the effect of the D.C. component in Figure 20, page 92. 
Since the electrostatic effect is produced predominantly in the 
low pressure section, the D.C. component decreases in both the 
generator and turbine end directions. 
By insulating all bearings pedestals along the steam 
turbine-generator shaft the potential is distributed exactly as 
a machine with only one bearing pedestal insulated, but limits 
the number of possible points which may become grounded. 
Insulating all the bearing pedestals can be thought of as 
diminishing the number of possible ground points along the 
steam turbine-generator shaft. However, trying to keep all 
bearing pedestals insulated from ground can be very costly. 
This is due to the number of small components which must be 
made of special insulating material. These include bearing 
pedestals, oil lines, oil line connections, etc. Since there 
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are numerous bearings along the steam turbine-generator shaft, 
insulation integrity for all bearings would be a continual 
monitoring and maintenance procedure. 
Steam turbine-generator manufacturers have gone to insu-' 
lating one and sometimes two bearing pedestals. The pedestal 
which is always insulated is located at the generator/exciter 
end, and the second one at the outer or high pressure steam 
turbine bearing end. The second bearing insulation has no 
meaningful use other than a back-up for the first or primary 
bearing pedestal insulation. 
The insulated bearing pedestal is also useful from the 
standpoint of relay protection by creating an open point along 
the shaft. A relay signal is imposed on the field circuit and 
if a field conductor should short to the rotor steel, the relay 
circuit would be complete thus relaying the necessary action to 
be taken; be it an alarm (horn or light) or a steam turbine- 
generator protection trip. 
Overall, insulating the steam turbine-generator bearing 
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produces the following: 
o   Isolation of the steam turbine-generator shaft at its 
highest potential point. 
o   A means of protecting each bearing from possible electrical 
pitting and eventual destruction. 
o   A means of applying a protective relay signal to the field 
winding circuit. 
o   Creates a diverging potential along the shaft at values 
low enough not to produce arcing and sparking if a ground 
occurs at an uninsulated bearing. 
Shaft Grounding 
The previous section dealt with insulating the bearing 
pedestals from ground to prevent a path for current flow through 
bearings and gears. However, the stored energy on the rotating 
shaft is continuously waiting for an unintentional completion 
of the circuit in order to transmit and dissipate its energy. 
To ward off the unintentional completion of the circuit 
through bearings, gears, etc. a grounding brush is employed. 
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The grounding brush is connected on one end to ground potential 
while the other end rides freely on the surface of the rotating 
steam turbine-generator shaft. 
A relatively simple brush arrangement is used to adequately 
lead-off and prevent the accumulation of A.C. and D.C. poten- 
tials.  Therefore, both A.C. and D.C. bearing currents may be 
reduced by shunting most of the bearing current around the 
bearings. 
As pointed out in Chapter Two, older steam turbine- 
generator units (those built approximately 25 years ago) had 
an excellent shaft ground path through the water seals. 
Steam seals have replaced the water seals on more recent 
steam turbine-generator units and this diminished the well 
defined grounding path for shaft voltages.  It has become 
necessary to provide a separate grounding device specifically 
to perform the water seal function in order to avoid the 
detrimental effects associated with steam turbine-generator 
shaft voltages and currents. 
Different types of shaft grounding devices have been 
used. One of the methods has employed the use of two grounding 
devices.  A pair of silver shoe grounding devices has been 
located at the front steam turbine bearing pedestal. The 
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silver shoe device provided a good low resistance path to 
ground, but had a very limited current carrying capacity. 
When there was high current flow, the rate of wear of the 
device was excessive.  At times, during the presence of 
electrostatic charge the wear rate had gone undetected thus 
wearing out and becoming ineffective in protecting valuable 
steam turbine-generator parts.  The second grounding device 
was a pair of carbon brushes mounted on the generator side of 
the steam turbine-generator coupling. The carbon brushes 
rode on the exposed portion of the steam turbine-generator 
shaft. The carbon brushes had a greater current carrying 
capacity than the silver shoes.  However, since the carbon 
brush wears down during normal use, it deposits carbon residue 
on the rotating shaft thereby increasing the brush contact 
resistance and making the grounding scheme totally ineffective. 
Unless the shaft is cleaned and maintained frequently, the 
resistance of the carbon brushes becomes greater than the 
resistance of other grounding paths within the steam turbine- 
generator units, such as bearings and gears. 
After the test utility's catastrophic accident at the 
Martins Creek Unit #3 Steam Electric Station as discussed in 
Chapter Five, page 68, it was apparent that a new grounding 
device was needed to replace the carbon brushes.  It was found 
out that the silver shoes in the front steam turbine bearing 
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pedestal could be removed.  The removal of the silver grounding 
shoes at the front steam turbine bearing pedestal was acted upon 
due to a few published cases where there appeared to be a voltage 
gradient on the shaft, and when the shaft was grounded at two 
locations a current loop was formed which produced a magnetic 
field within the steam turbine shaft.  The voltage gradients 
for the double point grounding scheme are shown in Figure 21, 
page 99.  Removal of the front standard grounding device broke 
the current loop, thus ensuring only an electrostatic effect 
contribution in the steam turbine. 
Figure 22A, page 100, and Figure 22B, page 101, show the new 
type of grounding device along with its mounting hardware.  The 
test utility has changed over all of its original steam turbine- 
generator grounding devices to a single point device as shown 
in these figures.  Figure 23, page 102, shows the voltage 
gradient and grounding effect for a single point grounding 
device. 
The new grounding brush is made of silver plated copper 
braid which combines the best features of the other types of 
grounding devices that have been used.  That is, silver for low 
contact resistance and carbon for high current capacity.  It 
also requires less maintenance and remains in service for 
extended periods of time. 
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The new grounding scheme incorporates two braids which 
are mounted on the generator side between the steam turbine- 
generator coupling, at a 30° angle above the horizontal. The 
brushes ride on the surface of the generator shaft. The 
grounding device is connected to ground via its attachment to 
the generator frame and generator grounding grid. 
Overall, the sequence of events leading up to the final 
design of the new grounding device are as follows: 
o   Early steam turbine-generator units had water seals which 
were used as an effective ground path. 
o   Replacement of water seals with steam seals negated an 
effective grounding path. 
o   Two grounding devices being used. One at the outer steam 
turbine bearing and using silver shoes primarily to drain 
off electrostatic charge effects produced in the steam 
turbine. The other device was located at the steam turbine- 
generator coupling. It was made of carbon and used entirely 
to drain off all high currents produced as a result of 
generator related voltage effects. 
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New silver plated copper braid grounding devices mounted 
at the steam turbine-generator coupling.  Only one device 
is used to adequately drain off all currents produced by 
effects in both the steam turbine and generator. 
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CHAPTER SEVEN 
ADVANTAGES AND DISADVANTAGES OF VARIOUS CONTROL 
METHODS FOR CONTROLLING STEAM TURBINE-GENERATOR SHAFT CURRENTS 
Immediate 
As pointed out in previous chapters all types of voltage 
present on the steam turbine-generator shaft has extremely 
detrimental effects associated with it. Journals, bearings and 
gears will be severely damaged in time if the shaft voltage is 
not effectively controlled. Therefore, there is only one 
complete method of totally eliminating currents, and that is, 
to remove the potential source or sources.  It must be remembered 
that a solution to the relatively simple problem might require 
major redesign of the equipment of which may not be practical 
and under some conditions uniquely impossible.  It must be 
emphasized that the purpose of this thesis was to discuss 
problems associated with shaft voltages and possible solutions 
involving corrective actions which can be applied to the 
existing equipment and not solutions involving complex machine 
design changes. 
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In practical operation, it can never be ensured that the 
rotating parts of the steam turbine-generator unit will not 
cone into contact. However, the probability of a second contact 
point or additional contact points occurring simultaneously is 
rather small. That is, once a low resistance/reluctance path 
is established by one of the various shaft potentials for 
discharging its energy, the path is used repeatably for energy 
transmission until finally the path is opened by the destruc- 
tion of a weak part (bearings, gears, etc.).  If the damaged 
part goes unnoticed, a new energy transmission path will be 
used thereby repeating the same scenario. The probability of 
two or more paths being used simultaneously is rather high 
since Ohm's Law and Maxwell's Equations ultimately state that 
energy will travel the path of least resistance and reluctance. 
Once this path no longer exists, the next lower resistance/ 
reluctance path will be used. 
Since the rotating parts of the steam turbine-generator 
unit cannot be kept apart indefinitely, the bearing and gear 
current must be controlled if not entirely abolished. Each 
known source of bearing and gear current has an effective 
method by which it can be controlled. Conclusions for the 
methods of current control for an established driving potential 
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are as follows: 
o   Directly Applied Potential To The Shaft 
Potential which is applied directly to the shaft either 
intentionally or accidentally can be controlled by: 
1. Insulating all steam turbine-generator bearings. 
Or 
2. Grounding the steam turbine-generator shaft at some 
appropriate point. 
o   Dissymmetry Effect 
Potential developed as a result of the variation of flux 
due to magnetic dissymmetry internal to the machine can be 
controlled by: 
1. Insulating only one bearing on the generator shaft. 
Or 
2. Grounding both outer extremeties of the generator 
shaft. 
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Shaft Magnetization Effect 
Potential developed due to an unbalanced field circuit or 
stator ampere turns causing axial magnetization of the 
steam turbine-generator shaft can be controlled effectively 
by: 
1.   Insertion of a neutralizing coil within the effected 
magnetizing circuit. 
Or 
2.  Substituting non-magnetic material for magnetic 
material in each steam turbine-generator bearing 
pedestal. 
Or 
3.  Effectively grounding both ends of each bearing 
journal. 
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Electrostatic Effect 
Potentials developed within the steam turbine by electro- 
static effects such as impinging particles or charged 
lubricating oil can be controlled by: 
1.  Insulating all steam turbine-generator bearings. 
Or 
2.  Grounding the steam turbine-generator shaft at an 
appropriate point. 
Each of the shaft voltage effects has an accompanying solution 
to remedy the specific problem. However, the overall solution 
which is germane to each effect is to solidly ground the shaft 
voltage without causing bearing damage rather than trying to 
eliminate the establishment of the voltage at the source. Many 
possible means of grounding the shaft voltage have been 
presented. The grounding schemes include: 
o   carbon brushes 
o   silver metallic shoes 
o   water seals 
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o   silver brushes 
o   silver plated copper brushes 
o   labyrinth seals (steam seals) 
The advantages and disadvantages of the various grounding schemes are: 
o   Water Seals 
Water seals have a primary function of reducing steam and 
atmosphere leakage out of and into the steam turbine respec- 
tively. A secondary function of the water seal is to adequately 
ground the steam turbine-generator shaft. The advantages and 
disadvantages of the water seal are: 
Advantages 
o   Water seals provide a low impedance path for current flow 
due to the presence of water as a conducting medium. 
o   No additional shaft grounding devices are needed on 
the steam turbine-generator unit. Thus, no additional 
maintenance costs are incurred. 
110 
o   No additional auxiliary equipment costs are incurred. 
The secondary function, and a non-direct design 
function, is the ability of the water seal to conduct 
current. 
o   Mechanically, the water seal provides an acceptable 
seal for controlling low pressure steam and atmosphere. 
Disadvantages 
o   Impedance values of the water seal fluctuate due to 
the ever changing flow of conductive water through 
the seal. Changes in the conductivity of the water 
permit lower impedance paths through other close 
tolerance parts of the steam turbine. 
o   Mechanical - additional hydraulic systems must be 
designed specifically for the water seals. This 
includes.piping, filtration, treatment and purifica- 
tion systems. 
o   A risk of water leaks into the various stages of the 
steam turbine are prevalent.  If undetected, the 
water leaks can be catastrophic to the steam turbine, 
both in equipment and revenue loss. 
Ill 
o   Water seals can only be applied to low pressure 
turbines.  They cannot be used on high pressure 
turbines because of large water reservoirs and 
auxiliary equipment needed to offset the high 
differential pressures. 
Steam Seals 
Steam seals of labyrinth design, unlike the water 
seals, are effective in their ability to absorb the full 
differential pressure associated with high pressure steam 
turbines.  However, the steam seals are less effective in 
conducting shaft current.  The advantages and disadvantages 
of the steam seal are: 
Advantages 
o   Mechanical - steam seals can control large pressure 
differentials across the steam turbine. 
o   Mechanical - steam seals provide a low maintenance 
cost due to the inherent labyrinth design of the 
seal. The seal does not operate off of auxiliary 
equipment, as does the water seal. 
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o   Electrical - none. 
Disadvantages 
o   Mechanical - No appreciable disadvantages.  However, 
steam seals must be replaced at times (usually long 
intervals) due to normal wear. 
o Electrical - steam seals provide no conductive path 
for current flow due to the low conductivity of the 
steam between labyrinth glands. 
The use of steam seals offers a definite disadvantage 
for proper steam turbine-generator shaft grounding. An 
additional shaft grounding device oust be employed when 
steam seals are used on larger high pressure steam turbine- 
generator units. 
Silver Metallic Shoes 
Silver metallic shoes are used atf an additional steam 
turbine-generator shaft grouding device. The advantages 
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and disadvantages are as follows: 
Advantages 
o   The silver metallic shoes provide an excellent low 
impedance current path when used in conjunction with 
steam seals. 
Disadvantages 
o   The silver metallic shoes have a limited current 
carrying capacity when high magnitudes of current are 
present. This is due primarily to the surface area 
in contact with the shaft. Though the impedance of 
the silver metallic shoes is low, the surface contact 
is small thereby reducing the current density. 
o   The wear rate of the silver metallic shoes is excessive 
during times of large current flow. 
o   Mechanical wear rate is excessive due to the abrasive- 
ness of the steam turbine-generator shaft rubbing on 
the shoes. 
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o   Maintenance costs associated with repairs and spare 
parts is high. 
o   If the wear rate goes undetected and the silver 
metallic shoes become inoperative, excessive currents 
values will flow through other vulnerable parts of 
the steam turbine-generator, thereby causing excessive 
damage owing to high replacement costs and lost 
revenue. 
Grounding Brushes 
Brushes located at the coupling between the steam 
turbine and generator shaft are the most effective means 
for providing a path for current flow. The grounding 
brushes at this location provide the most protection for 
both steam turbine and generator influenced shaft potentials. 
The centralized brush locations permit no transfer of 
steam turbine developed potentials to the generator shaft 
and conversely permit no transfer of generator developed 
potentials to the steam turbine shaft.  It must be pointed 
out that insulating various components of the steam turbine- 
generator such as bearings and pedestals, help to control 
the shaft voltages but do nothing to eliminate them. The 
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overall effect of insulating the generator outboard bearing 
and including a grounding device between the steam turbine- 
generator unit provides for additional support in controlling 
the shaft voltage influence. 
Two types of brush material are suitable for the 
shaft grounding device.  They are carbon and silver or 
silver plated copper.  The only major difference between 
the two is price. Pure silver or silver plated copper 
offer equal advantages and disadvantages with respect to 
electrical and mechanical properties. 
However, the advantages and disadvantages of carbon 
and silver are: 
Carbon Brushes 
Advantages 
o   Provides a low to medium impedance value with high 
current carrying capacity.  The voltage drop across a 
carbon brush is approximately 1.5 volts. 
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o   The cost of carbon brushes is much lower than that of 
silver brushes. The latter being a precious metal. 
Disadvantages 
o   Upon wearing down, a ring of carbon is deposited on 
the steam turbine-generator shaft. The carbon ring 
increases the impedance value of the grounding circuit. 
If undetected, the grounding circuit will become 
inoperable. 
o   Maintenance must be implemented weekly to check the 
wear rate of the carbon brushes and to clean the 
steam turbine-generator shaft at the contact points. 
o   The carbon brushes must be replaced at regular intervals. 
Silver or Silver Plated Copper Brushes 
Advantages 
o   Provides a very low impedance with high current 
carrying ability. Negligible voltage drop. 
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o   Easily maintained. 
o   Harder than carbon. Does not deposite any particles 
on the steam turbine-generator shaft. 
o   Maintains good contact by keeping a clean shiny 
surface at its contact points along the steam turbine- 
generator shaft. 
o   Silver bruhes have a useful life of 5-10 years. 
Disadvantages 
o   The cost of silver is high. 
Overall, the silver brush or silver plated copper 
brush offer the most advantages and least disadvantages 
over any other applicable grounding equipment. This 
brush, when used at the coupling of the steam turbine- 
generator offers the ultimate in shaft grounding ability. 
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B.  Future 
Additional methods of reducing damage caused by shaft 
potentials by preventing the buildup of the dangerous potentials 
have theoretically been proven but yet untried.  One method is 
to render the lubricating oil more conducting by the use of 
additives, or ionizing the surrounding atmosphere to conduct 
the charge due to electrostatic effects. Neither of these 
methods are used at present. The elimination of the shaft 
voltage produced by other effects might some day be accomplished 
by the control of steam droplet size, a change in the turbine 
blading and nozzle assembly or surface finish. 
Another theoretical method of reducing shaft voltages 
producing damaging bearing currents is a method based on the 
fact that the wear due to electrical pitting depends upon the 
thickness of the lubricating oil film as well as the applied 
voltage stress.  This method is shown diagrammatically in 
Figure 24, page 120.  The figure shows that for all magnitudes 
of shaft voltage, as at Point X, there is a maximum wear-rate, 
Point Y, which occurs at some value of oil film thickness.  As 
an example, if a steam turbine-generator bearing is operating 
in the area of Point X, by reducing the oil film thickness to 
Point Y or increasing the oil film thickness to Point Z or 
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THE INFLUENCE OF LUBRICATING OIL 
FILM THICKNESS AND VOLTAGE ON THE WEAR-RATE 
DUE TO ELECTRICAL PITTING 
WEAR-RATE 
ZERO WEAR-RATE 
(FILM INSULATING) 
ZERO WEAR-RATE 
(FILM ABSENT) 
FILM 
THICKNESS VOLTAGE 
FIGURE 24 
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beyond the bearing wear-rate can be reduced if not completely 
eliminated.  Physically, the oil film thickness can be control- 
led by varying the viscosity, changing the loading angle or 
altering the amount of lubricating oil supplied to the bearing. 
Since it may be difficult to precisely determine in each given 
case whether the bearings are operating on or near the maximum 
wear rate at Point Y, a microprocessor based computer with the 
required input/output can detect, calculate, and control the 
various variables to achieve maximum bearing life by operating 
at a zero wear rate for a given shaft voltage. 
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CHAPTER EIGHT 
CONCLUSIONS 
A)  Insulated Generator Bearings 
The classical method or common practice in steam turbine- 
generator design is to insulate the generator outboard bearing 
at the bearing pedestal.  It is understood that the high resis- 
tance of the bearing insulation would prevent the current from 
flowing in the conductive path formed by the bearings, bearing 
pedestals, generator frame or stator.  However, this is only 
correct if the shaft voltage is a DC quantity.  Test measure- 
ments have shown that shaft voltages are far from being purely 
D.C..  Shaft voltages contain several components of the funda- 
mental frequencies.  They also contain very sharp spikes when 
static excitation systems are employed. Under these voltage 
conditions, bearing insulation resistance is not the current 
limiting factor rather, the capacitive reactance set up by the 
lubrication oil film and bearing surfaces becomes the current 
limiting factor.  Therefore, insulating the bearings is not an 
overall effective preventive method against large high frequency 
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spikes produced by charged particles or static excitation 
systems.  For low frequency components of shaft voltage (60-180 
Hz) the insulated bearing pedestals as well as the bearing 
oil-film offer a high capacitive reactance which limits the 
magnitude of destructive let through current. 
The voltage measured across the oil-film and the bearing 
insulation of the test utility's steam turbine generator unit 
revealed the shaft-to-ground voltage to be equally divided 
between the two.  The equal division of voltage between the 
bearing oil film and insulated bearing pedestal raise some 
doubt as to whether the purpose of the bearing insulation as a 
preventative against electromagnetic effects is wholly achieved. 
As discussed in a previous chapter, if a large shaft-to-ground 
voltage is applied to the shaft, an oil film breakdown can 
occur thereby permitting large currents to flow which would 
eventually damage the bearing and other parts of the machine. 
It is evident that other efforts must be made to develop a 
better preventive measure to limit bearing currents due to 
large spikes resulting from D.C. charges, excitation equipment 
and other high frequency voltage producing effects. 
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B)  Shaft Grounding Brushes 
Steam turbine-generator units produced today are provided 
with grounding brushes installed at the turbine end (low pressure) 
of the generator and the high pressure turbine end. The brushes 
are used for discharging the electrostatic charges which build 
up in the low pressure point for all generator produced shaft 
voltages. 
Measurements made during the Martins Creek S.E.S. Unit #3 
tests have shown that using two grounding brushes at both the 
high and low pressure ends $f  the steam turbine are not required. 
A grounding brush located only at the low pressure end will 
sufficiently aid in maintaining low values of both A.C. and 
D.C. produced shaft voltages. A well-seated grounding brush at 
this location will take care of all steam turbine produced 
electrostatic charges on the shaft and at the same time maintain 
a strong ground point for all AC voltage effects produced in 
the generator. 
Shaft grounding brushes are not without fault even though 
they provide excellent shaft current bleed off points, they do 
work in dusty and sometimes unclean environments. This condition 
often impairs the effectiveness of the grounding brush which 
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will allow discharging to occur at a low impedance path and 
ultimately damage the part which provides the low impedance. 
Overall, shaft grounding brushes offer the most complete 
form of protection against steam turbine-generator produced 
voltages.  However, methods must be developed to monitor shaft 
to brush contact for ultimate conductivity between the two. 
C)  Future Design and Construction Methods 
As discussed previously, shaft voltages can be maintained 
below their destructive magnitudes.  However, shaft voltages 
can be reduced by adopting certain design and construction 
modifications in future steam turbine generator units produced. 
Some of these modifications are: 
o   Dissymmetry Effect - Limit the number of stator segmental 
punchings so that the third and fifth harmonic components 
in the shaft voltage are reduced if not eliminated.  It is 
important to eliminate as much of the third harmonic as 
possible. 
o   Electromagnetic Effect - Every effort should be made to 
prevent rotor eccentricity. A monitoring device for this 
purpose would prove to be very beneficial. 
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o   Directly Applied Potential - Modifications should be 
introduced in the excitation system as well as in the 
field ground protection circuit of the generator for the 
purpose of reducing the magnitudes of the spikes in shaft 
voltages. 
o   Electrostatic Effect - Modifications of the turbine should 
be introduced, which would not permit the formation of a 
water mist in the low pressure stage of the turbine.  This 
measure will result in a substantial reduction of the 
electrostatic voltages. 
Additionally, methods to monitor the steam turbine-generator 
shaft should be developed to warn if any excessive shaft voltages 
and currents are produced in the steam turbine generator unit. 
The use of such a monitoring device can prevent major repair 
and loss of generation. 
In order to protect the various vulnerable parts of steam 
turbine-generator unit, the following should be monitored: 
1.  State of insulation of bearings and seals. 
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2. Condition of the oil-film in the bearings. 
3. Magnitude of the voltage between the two ends of the 
generator shaft. 
4. Contact or conductivity between the grounding brush and 
the shaft. 
Unlike routine inspections, the monitor will possess the advan- 
tage of continous monitoring.  It must give indication through 
lights and horns in the event of improper operations of the 
functions monitored. 
New devices for detecting the initiation of specific 
problems in steam turbine-generators must be made available. 
These computer based devices, along with parallel improvements 
in protective equipment, will make it possible to minimize 
damage and repair time if a malfunction does occur. 
The accomplishments in meeting the engineering and techni- 
cal challenges in the large steam turbine-generator units of 
the future will result from continuing programs in research 
and development involving multi-discipline engineering efforts. 
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APPENDIX 
TURBINE DESIGN DATA 
(Variable pressure 
operation) 
Percentage of maximum 
guaranteed throttle 
flow                50% 75% 
Guaranteed 
Max. Cont. 
Load 
Rating 
100% 
Nominal 
Rating 
Maximum 
Expect 
Load 
Not 
Guar. 
Turbine-Generator 
output, kw 
Guaranteed gross 
heat rates, Btu 
per kwh 
446,147 
8215 
653,705 
8033 
848,779 
7929 
811,477 
7946 
866,395 
Live steam pressure, 1286.3 
psia 
1915.2  2534.2 2414.2  2534.2 
Throttle flow, 
1000 lb/hr. 
2891 4336 5782 5499 5900 
Reheater flow, 
1000 lb/hr. 
2668 3944 5188 4949 5295 
Flow to condenser, 
1000 lb/hr. 
1931 2762 3513 3385 3589 
Final feedwater 
temperature, °F 
422.0 457.0 482.0 477.7 482. i 
Steam Temperatures, 
°F Throttle 1000 1000 1000 1000 1000 
TABLE 4 
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APPENDIX 
GENERATOR DESIGN DATA 
Rating (MVA) 945 MVA 
Active Power 850.5 MW 
Voltage 24,000 ± 5% V 
Current 22,733 A 
Power Factor 0.90 
Speed 3600 RPM 
Overspeed (test during 2 min) 4320 RPM 
Frequency 60 Hz 
Hydrogen Pressure Gauge 60 PSIG 
Max. Hydrogen Pressure Gauge 68 PSIG 
Cooling System: 
Stator Water + Hydrogen 
Rotor Direct = Air Gap Gas 
Pickup System 
TABLE 5 (Cont'd) 
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APPENDIX 
GENERATOR DESIGN DATA      » 
Excitation Rating 2800 kW 
Excitation Voltage 500 V 
Excitation Current 5600 A 
Ceiling Voltage 1.5 
Rotor Resistance at 68°F (20°C) 0.0725 Ohms 
Hydrogen Flow 137,750 cu ft/min. 
Number of Hydrogen Coolers 6 
Rated Capability with 1 Cooler 750 MW 
Out of Service (at 0.90 PF) 
Total Losses to be Dissipated by 5645 kW 
the Hydrogen 
Total Cooling Surface 27,385 sq. ft. 
Hydrogen Cooling Water Flow 3215 GPM 
Cooling Water Rated Pressure 145 PSI 
Hydorgen Coolers Test Pressure 230 PSI 
Cooling Water Pressure Drop 7 PSI 
Cooling Water Inlet Temperature (max.) 95°F (35°C) 
TABLE 5 
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